Theoretical calculations and solid-state NMR have been used to determine the conformation, relative energies, and behavior of organic functional groups covalently bound within the pores of mesoporous silica nanoparticles (MSNs). The calculations were performed using the ReaxFF reactive force field for model surfaces consisting of a four-layer silica slab with one or two functional groups: N-
I. INTRODUCTION
Mesoporous silica nanospheres (MSNs), such as MCM-41, have shown promising potential for applications in heterogeneous catalysis due to their large surface area, well-defined pore structure, and narrow pore size distribution. 1À3 The MSN materials in which catalytic substituents are immobilized within the inner surfaces have been widely studied;
3À6 however, there is currently little understanding of the conformation and behavior of the catalytic functionalities within the pores. In this study, three functional substituents, 3-cyanopropyl-(CP), N-(2-aminoethyl)-3-aminopropyl-(AAP), and N-[N-(2-aminoethyl)-2-aminoethyl]-3-aminopropyl-(AEP) (Figure 1 ), were covalently attached onto the inner pore surface of the MSNs, and their conformations and mobilities were studied using theoretical calculations and validated by comparison with solid-state NMR experiments.
Solid-state NMR can be employed to determine the structure and mobility of catalytic substituents attached to the MSN surface. For example, the dynamics of the 1 HÀ 13 C cross-polarization process, described by the time constant T CH , depends on the effective 1 HÀ 13 C magnetic dipoleÀdipole interaction and thus on the atomic-level mobility. Theoretical calculations can be used to obtain energy-minimized structures and assess their stabilities. 7 The choice of computational method must take into account the size of the overall system because MSN structures contain hundreds to thousands of atoms. The chosen method must also be able to account for the various types of interactions to be described, e.g., covalent bonds and much weaker hydrogen bonds in MSN compounds due to the presence of many silicon atoms and hydroxyl groups. The preferred approach would be to use ab initio quantum mechanics (QM) to predict structures and relative energies; however, the more reliable QM methods that are normally used for large or bulk systems, such as second-order perturbation theory (MP2) 8 and density functional theory (DFT), 9 require more computational resources than are typically available. The use of ab initio simulations on bulk silica surface Figure 1 . Diagram of functional groups, CP, AAP, and AEP. The carbon atom numbering system is also shown. Carbon C1 is covalently bonded to a silicon atom on the silica surface.
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ABSTRACT: Theoretical calculations and solid-state NMR have been used to determine the conformation, relative energies, and behavior of organic functional groups covalently bound within the pores of mesoporous silica nanoparticles (MSNs). The calculations were performed using the ReaxFF reactive force field for model surfaces consisting of a fourlayer silica slab with one or two functional groups:
The results indicate that the AAP and AEP groups exist primarily in the prone orientation, while CP can almost equally occupy both the prone and upright orientations in CP-MSN. This is in agreement with the solid-state 13 C NMR experiments, which suggest that the AAP and AEP functionalities remain rigid on the NMR time scale (in this case sub-millisecond), whereas the CP substituent executes faster motions. These conformations are most likely governed by the hydrogen bonds between the amine moieties of the functional groups and the silanol groups on the silica surface. ReaxFF can be used to study a system that requires a large-scale model, such as the surface of an organo-functionalized heterogeneous catalyst, with higher accuracy than the conventional MM and at a lower computational cost than ab initio quantum mechanical calculations.
The Journal of Physical Chemistry C ARTICLE systems has thus been limited to the incorporation of low computational cost (little or no polarization or diffuse functions) basis sets, which are usually insufficient for systems that contain many weak electrostatic interactions, such as silica systems. 10 This limitation also extends to ab initio structural optimizations of small silica structures defined within a unit cell or some periodic boundary condition, which do not fully represent bulk silica systems in MSN compounds, since these silica systems are amorphous in nature.
11À14
A more computationally tractable alternative to QM methods is to employ model potentials, such as those incorporated in many molecular mechanics (MM) force fields. In general, MM methods (for example, the Allinger MM methods 15À17 and DREIDING 18 ) require orders of magnitude less computer resources (e.g., time, disk, memory) than do reliable QM methods for a given system. Most MM force fields, however, are not able to respond well to a changing molecular environment, as one would encounter in heterogeneous catalysis or more generally in bond-breaking processes. In this context, a particularly appealing MM approach is the bond order dependent ReaxFF reactive force field. 19, 20 ReaxFF is a general bond order dependent potential that employs varied contributions to the interaction energy including bond, valence, torsion, conjugation, and under-/overcoordination (correction for total bond orders) energies as well as van der Waals and Coulomb interactions. ReaxFF parameters are optimized using a training set, based on experimental data as well as density functional theory (DFT) 9 structures and energies. The parametrization, which also includes nonbonded interactions such as dispersion interactions, includes fitting to internal structural parameters (e.g., bond lengths, angles, torsions) and energy barriers for related processes within the system of interest. The ReaxFF method maintains the very low computational cost that is characteristic of MM methods, while obtaining reliable structures and related energetics. In particular, because of its flexibility that is embodied in the bond order dependence, ReaxFF can be used to study reaction mechanisms. The current paper presents a preliminary ReaxFF study of the structures and relative energies of substituted MSN prototypes.
II. MATERIALS AND METHODS
II.A. Experimental Section. MSN Materials. The samples were prepared using a co-condensation method following previously described procedures. 21, 22 Cetyltrimethylammonium bromide (CTAB), tetraethoxysilane (TEOS), and the organoalkoxysilane precursors, including (3-cyanopropyl)triethoxysilane, [N-(2-aminoethyl)-3-aminopropyl]trimethoxysilane, and N-[N-(2-aminoethyl)-2-aminoethyl]-3-aminopropyltrimethoxysilane, were purchased from Aldrich and used as received. The reaction mixture of CTAB (2.0 g, 5.49 mmol), 2.0 M of NaOH(aq) (7.0 mL, 14.0 mmol), and H 2 O (480 g, 26.67 mol) was heated at 80°C for 30 min with stirring. To the resulting clear solution, TEOS (9.34 g, 44.8 mmol) and the organoalkoxysilane precursor (5.75 mmol) were injected sequentially and rapidly, forming a white precipitate. The solution was maintained at 80°C for 2 h under stirring at 550 rpm. The product was isolated by hot filtration, washed with copious amounts of water and methanol, and dried under vacuum at room temperature. An acid extraction was performed in a methanol (100 mL) mixture of concentrated hydrochloric acid (1.0 mL) and as-made materials (1.0 g) at 60°C for 6 h. The resulting surfactant-free solid products were filtered and washed with water and methanol and dried under vacuum at room temperature. The samples containing CP, AAP, and AEP functionalities are referred to as CP-MSN, AAP-MSN, and AEP-MSN, respectively.
Solid-State NMR. Solid-state NMR experiments were performed on a Chemagnetics Infinity 400 spectrometer, equipped with a 5 mm magic angle spinning (MAS) probe and operated at 400.0 MHz for 1 H, 100.6 MHz for 13 C, and 79.5 MHz for 29 Si nuclei. The samples were packed in MAS zirconia rotors and spun at 10 kHz. The 29 Si measurements were carried out using direct polarization under MAS (DPMAS) to obtain quantitative estimates of the surface coverage of the functionalities. To enhance the sensitivity, the single-pulse excitation of 29 Si nuclei was followed by a CarÀPurcellÀMeiboomÀGill (CPMG) sequence of 10 π pulses (in 10 ms intervals), which produced a series of spin echoes. 23, 24 The CPMG echoes were collected under two-pulse phase-modulation (TPPM) 1 H decoupling, 25 providing a 3-fold gain of signal without detectable spectral distortions. For each sample, 296 scans were acquired using a recycle delay of 300 s. The
13
C spectra were acquired to determine the structure and the mobility of the organic functionalities. The measurements used tangently ramped cross-polarization magic angle spinning ( 13 C{ 1 H} CPMAS) to enhance the polarization of carbon nuclei and increase the repetition rate of data acquisition. The mobilities of silica-bound AAP, AEP, and CP were determined by monitoring the 13 C signal intensity as a function of the crosspolarization contact time τ CP 23 under TPPM 1 H decoupling. To this end, 20 spectra were acquired for each sample by varying τ CP between 5 μs and 10 ms, each requiring 4800 scans with 1.5 s recycle delay. The RF magnetic fields used in all measurements were as follows: v RF H = 40 kHz, v RF Si = 50 kHz, and v RF C = 50 kHz. 1 H, 13 C, and 29 Si chemical shifts were referenced with respect to tetramethylsilane (TMS) at 0 ppm.
II.B. Computational Details. Reactive Force Field (ReaxFF).
All ReaxFF computations were done using the ReaxFF SiO/Si version (reactive MD force field Si/O/C/H for polydimethylsiloxane (PDMS)). 20, 27 Geometries were optimized using the conjugate gradient converging scheme and a very strong convergence criterion (0.001 kcal/(mol Å)). The ReaxFF calculations reported here were produced by the implementation in GAMESS (General Atomic and Molecular Electronic Structure System). 28, 29 The structural optimizations were performed with no constraints for models consisting of a four-layer silica slab, referred to as 4L-MSN (Figure 2) , and one or two of a given organic functional group, which represents the inner surface of functionalized MSNs. Since the local structure of amorphous silica is known to be similar to that of β-cristobalite, with the external surface being analogous to the (111) surface, the same topology was used to construct the 4L-MSN prototype with a surface area of 2.5 nm 2 . 30, 31 The SiÀOÀH bond angle was initially set at 121°, prior to geometry optimizations. 29 One functional group was attached to a site labeled P, with two initial conformations representing almost parallel (prone) and perpendicular (upright) orientations relative to the 4L-MSN surface. The final optimized organic substituent structures or functional groups were all obtained using one straight-chain configuration that was optimized in the prone to upright positions in order to allow for comparison with the NMR mobility data. The ReaxFF optimized structures obtained in this manner were used to determine the relative stabilities for the three catalytic substituents in the The Journal of Physical Chemistry C ARTICLE upright vs the prone orientation. In order to interrogate the intermolecular interactions between neighboring functional groups, additional substituents were introduced at sites X, Y, or Z located 1.15, 0.92, and 0.52 nm from P, respectively (Figure 2e ). The number of interacting molecules was chosen based on the average surface concentration measured by solid-state NMR, whereas the specific locations were determined by the available sites on the model surface.
III. RESULTS AND DISCUSSION
III.A. Solid-State NMR. The results of 29 Si DPMAS measurements are shown in Figure 3 and Table 1 . The signals centered at around À90, À100, and À110 ppm represent silicon sites Q 2 ((SiO) 2 Si(OH) 2 ), Q 3 ((SiO) 3 SiOH), and Q 4 ((SiO) 4 Si), respectively. 33 The carbon-bearing silicons T 2 ((SiO) 2 Si(OH)R) and T 3 ((SiO) 3 SiR) are known to resonate at around À55 and À65 ppm, respectively. The relative concentrations of Q n and T n sites were determined by deconvolution of the 29 Si DPMAS spectra into weighted linear combinations of Gaussian peaks (Table 1) . Reliable fits were obtained without imposing any constraints on the positions and widths of individual components, as verified by numerical and visual comparison of the experimental and calculated spectra. The amounts of organic functionalities were obtained from the overall concentration ratios (T 2 + T 3 )/(T 2 + T 3 + Q 2 + Q 3 + Q 4 ) and easily translated into the surface concentrations per 1 nm 2 using the BET surface areas. 21, 22 Figure 4 shows the 13 C{ 1 H} CPMAS spectra and the assignments of 13 C resonance signals, 21, 22, 34 which indicate that the The Journal of Physical Chemistry C ARTICLE MSN samples are indeed functionalized as intended and are essentially surfactant-free. The cross-polarization time constants (T CH ) for individual carbons in the functional groups were derived from the "buildup" of 13 C magnetizations during the cross-polarization period 26 ( Table 2 ). The T CH values depend on the effective 1 HÀ 13 C magnetic dipoleÀdipole interactions and provide information about the degree of atomic-level motions. All T CH values observed in the silica-bound AAP and AEP functionalities are smaller than 50 μs and only slightly increase toward their amide ends. These results show both these groups are immobilized on the NMR time scale, which in this case is given by the inverse of the 13 CÀ 1 H dipolar coupling (i.e., ∼(20 kHz) À1 ). 35 In the CP-MSN sample, the longer T CH values of 66, 119, and 2280 μs were observed for C1, C2À3, and C4, respectively, suggesting that the cyanopropyl functionalities experience increased mobility toward the nitrile end, which weakens the 1 HÀ 13 C dipolar interactions and impedes the crosspolarization process. Because of the heterogeneity of the MSN surface, the exact nature of molecular mobility cannot be discerned based on these data. Note, however, that fast rotation about an axis parallel to the SiÀC1 bond would lower the polarization rate by a factor of ∼2 with respect to the fully rigid case, 36 which is roughly what is observed ( Table 1 ). The nitrile end of the molecule undergoes a more "isotropic" motion, as indicated by the further increased values of T CH for C2 and C3. For carbon C4 in CP-MSN the polarization transfer is additionally inhibited due to the lack of a directly attached proton.
III.B. Computational Results. Model with One Functional
Group. Figure 5 shows the optimized structures and the ReaxFF relative energies for the prone and upright conformations of each of the studied groups on 4L-MSN. The AAP and AEP functionalities in upright conformations have a much higher energy, by 53 and 58 kcal/mol, respectively, than those in the prone positions. In contrast, the prone and upright conformations for CP are separated only by 9 kcal/mol, with the prone structure lower in energy. For the current level of theory, the energy difference of 9 kcal/mol is not considered to be significant. In this context, these computational results are in excellent agreement with the previously shown results of solid-state 13 C NMR measurements, which suggested that both AAP and AEP groups are motionless on the NMR time scale, whereas the CP groups are quite mobile.
Model with Two Functional Groups. Considering the molecular lengths and surface concentrations of the AAP and AEP functionalities, it is expected that two neighboring groups are likely to interact with each other by forming hydrogen bonds through their amine moieties. In order to assess the resulting conformational changes, ReaxFF calculations were performed for the model in which the two functional groups are placed on 4L-MSN in close proximity, facing each other. Figure 6 shows the optimized conformations and the corresponding relative energies for AAP-MSN models with two mutually interacting AAP groups at distances PÀX, PÀY, and PÀZ, as described earlier (see Figure 2e) . The calculations were performed using two AAP groups on sites P and X in the prone and upright conformations (Figure 2 and Figure 6A ,B). The prone (A) conformation has the lowest energy. The energies of the B, C, D, and E structures are higher by 88, 78, 52, and 85 kcal/mol, respectively. These very high relative energies mean that these structures are unlikely to exist. This suggests that the conformation of AAP is predominantly determined by the interaction between the functional groups and the silica surface, in agreement with the low mobility observed in the NMR experiment. The differences among C, D, and E suggest that the AAPÀAAP interactions depend strongly on the distances between the bonding sites, with the lowest energy structure (D) corresponding to the intermediate PÀY distance. In models C and D, the terminal amine of one AAP group is located close to another AAP molecule, suggesting the formation of a hydrogen bond. Especially in model D, the terminal amine of one AAP is very close to the dialkylamine of another AAP molecule. This conformation is suitable to form strong hydrogen bonds, which is most likely responsible for lowering the energy. Figure 7 shows the optimized conformations and the corresponding relative energies for the AEPÀ4L-MSN models. The energies of conformations B, C, D, and E are higher than that of the prone species A by 100, 115, 116, and 70 kcal/mol, respectively. The AEP molecules prefer the prone position, similar to the AAP-MSN. Unlike the AAP-MSN, two of the interacting conformations, i.e., C and D, have higher energy than the upright one. In contrast, the energy of conformation E is lower by 30 kcal/mol than that of B, likely due to the hydrogen bonding. Indeed, the terminal amine of one AEP molecule is located close to the dialkylamine of another AEP.
In both AAP-MSN and AEP-MSN, the conformations of functional groups are determined by the interactions between the amine moieties and the surface silanols. This result also suggests the possibility of controlling the conformations of functional groups by changing the properties of the surface, for example by modifying the number of silanols or by replacing silanol protons with other cations. In other words, MSNs can play an active role as a cocatalyst.
IV. CONCLUSIONS
The ReaxFF and 13 C NMR results provide valuable insights into the inner pore environment of MSNs. The ReaxFF method predicts that the AAP and AEP functional groups are primarily in the prone conformation on the silica surface and their motions are restricted by hydrogen bonds between the molecules and silanol groups. On the other hand, the CP groups show little preference between the prone and upright conformations, which suggests that they can rapidly interchange between these two conformations unless there is a large energy barrier between them. The solid-state 13 C NMR experiments show the same trends, suggesting that the AAP and AEP groups are static on the NMR time scale, whereas the CP groups exhibit considerable rotational motion about an axis parallel to the SiÀC1 bond.
Both the active sites and the substrate surface play an important role in heterogeneous catalysis. ReaxFF appears to be a viable computational method for obtaining chemical properties of the MSN materials and provides a useful alternative to more accurate ab initio quantum mechanics methods that are too computationally costly. The existence of local minima on each potential energy surface that has been explored in this work implies that there are energy barriers separating these species, in each case, from the global minima. These energy barriers have not been determined. The ReaxFF method will enable the study of more complex MSN systems with hundreds to thousands of atoms at a very low computational cost.
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